In energetic materials, the crystal density is an important parameter that affects the performance of the material. When making ionic energetic materials, the choice of counter-ion can have detrimental or beneficial effects on the packing, and therefore the density, of the resulting energetic crystal. Presented herein are a series of five ionic energetic crystals, all containing the dianion 5,5 0 -(3,3 0 -bi[1,2,4-oxadiazole]-5,5 0 -diyl)bis(1H-tetrazol-1-olate), with the following cations: hydrazinium (1) [Pagoria et al.. (2017) 
Chemical context
One of the critical parameters directly related to the performance of an energetic material, specifically its detonation velocity, is the density of the material (Ma et al., 2014; Akhavan, 2011) . This is an important consideration when designing energetic materials that incorporate counter-ions into their structures, since these counter-ions can, through supramolecular interactions, aid or disrupt effective packing of the molecule in question. Presented herein are the structures of a single energetic molecule, 5,5 0 -(3,3 0 -bi[1,2,4-oxadiazole]-5,5 0 -diyl)bis(1H-tetrazol-1-olate), as salts of five different cations: hydrazinium (1), hydroxylammonium (2) (Pagoria et al., 2017 , included for comparison), dimethylammonium (3), 5-amino-1H-tetrazol-4-ium (4), and aminoguanidinium (5). As a result of the variety of cation structures and intermolecular interactions, each exhibits subtly different crystal packing, which affects the resulting density. The molecule of interest, however, only exhibits minor changes in bond distances depending on the cation.
Structural commentary
The primary molecule, 5,5 0 -(3,3 0 -bi[1,2,4-oxadiazole]-5,5 0 -diyl)bis(1H-tetrazol-1-olate), is comprised of four pentanuclear rings, with two 1,2,4-oxadiazole rings linked together through ISSN 2056-9890 the 5-position carbon atom, and the tetrazol-1-olate rings linked at the 5-position carbon atom to each 1,2,4-oxadiazole ring at the 3-position carbon.
In each structure, the oxadiazole oxygen atoms are on opposite sides. For 1, 2, 3, and 5 (Figs. 1-3, 5), the oxadiazole rings are coplanar with one another, with the N8-C9-C9 0 -N8 0 torsion angles constrained to 180 . Only slight deviation from coplanarity is seen in 4 (Fig. 4) , with the N8-C9-C11-N12 torsion angles measuring 179.34 (16) . Coincidently, 4 is the only structure in which the primary molecule does not reside on an inversion center. For all structures, except 3, the tetrazolate ring is oriented such that the oxygen atoms of the oxadiazole and tetrazolate are on opposite sides, although 4 has a minor component of disorder [9.3 (4)%] in which one tetrazolate is flipped by 180
. The N4-C5-C6-N10 torsion angles for 1 [174. 25 (13) ], 4 [179.82 (16) , N20-C16-C14-N15 angle is 176. 68 (16) ], and 5 [N4A-C5A-C6-N10, 174. 8 (5) ] show only slight deflections from coplanar, while in 2 [168. 63 (15) ], the deflection is more pronounced. In structure 3, the N4-C5-C6-N10 dihedral angle is 2. 38 (19) , showing only a slight deviation from coplanarity, despite the proximity of the two electronegative oxygen atoms. Molecular structure of 4, showing the atom-labeling scheme. Displacement ellipsoids are drawn at the 50% probability level.
Figure 1
Molecular structure of 1, showing the atom-labeling scheme. Displacement ellipsoids are drawn at the 50% probability level.
Figure 3
Molecular structure of 3, showing the atom-labeling scheme. Displacement ellipsoids are drawn at the 50% probability level.
Figure 2
Molecular structure of 2, showing the atom-labeling scheme. Displacement ellipsoids are drawn at the 50% probability level.
Figure 5
Molecular structure of the major disorder component of 5, showing the atom-labeling scheme. Displacement ellipsoids are drawn at the 50% probability level.
In all five structures, the tetrazolate C-N and N-N bond distances [ranging from 1.328 (5) to 1.351 (2) Å and 1.3170 (17) to 1.3455 (16) Å , respectively] suggest a delocalized aromatic system rather than discrete single and double bonds (Allen et al., 1987) . The oxadiazole N-O, C-O, and C-N bond distances, however, suggest discrete single and double bonds. The N-O and C-O bonds range from 1.4033 (16) to 1.4115 (14) Å and 1.3391 (18) to 1.3468 (18) Å , respectively, suggesting single bonds between these atoms. The C-N bond opposite the oxygen atom ranges from 1.3671 (16) to 1.3755 (19) Å , also indicative of a single bond. The remaining C-N bonds range from 1.294 (2) to 1.309 (2) Å , typical for double bonds between these atoms. The central oxadiazole-oxadiazole C-C bond [ranging from 1.459 (3) to 1.465 (4) Å ] and the C-C bonds linking the oxadiazole rings to the tetrazolate rings [ranging from 1.432 (2) to 1.447 (2) Å ] are typical for C-C single bonds between non-fused heterocycles (Allen et al., 1987) .
Bond distances in the complex cations are typical for each. In 1, the hydrazinium N-N bond distance of 1.4476 (16) Å matches the distance of 1.45 Å seen in hydrazinium chloride (Sakurai & Tomiie, 1952) . In 2, the hydroxylammonium N-O bond distance of 1.4087 (16) Å matches the distance of 1.41 Å seen for hydroxylammonium perchlorate (Dickens, 1969) . In 3, the dimethylammonium C-N distances of 1.4767 (18) and 1.4780 (17) Å are consistent, albeit on the low side, with those reported for dialkylammonium ions, on average 1.494 (16) Å (Allen et al., 1987) . In 4, the bond distances of 5-amino-1H-tetrazol-4-ium are consistent with those seen in 5-amino-1H-tetrazol-4-ium nitrate [bond type, distances (reference distances)]: C-N amino , 1.320 (2) and 1.314 (2) Å (1.308 Å ); C-N ring , 1.334 (2) to 1.338 (2) Å (1.334 to 1.342 Å ); C-N(H)-N N, 1.357 (2) to 1.366 (2) Å (1.363 to 1.366 Å ); N(H)-N N-N(H), 1.272 (2) and 1.269 (2) Å (1.268 Å ; von Denffer et al., 2005) . In 5, the bond distances seen for the aminoguanidinium cation are consistent with those seen in aminoguandinium nitrate and are as follows [bond type, distances (reference distances)]: C-NH 2 , 1.309 (3) and 1.320 (3) Å (1.312 and 1.320 Å ); C-N(H)(NH 2 ), 1.337 (3) Å (1.328 Å ); and N(H)-NH 2 , 1.420 (3) Å (1.399 Å ; Akella & Keszler, 1994) .
Supramolecular features
Packing of the energetic molecules will be described in four terms, following the example in Ma et al. (2014) : sheet-like (with all molecules parallel to one another), wavelike (with two molecular planes that are not parallel to one another, but without intermolecular crossing), crossing (same as wavelike but with intermolecular crossing), and mixing (with molecular planes that do not fit in the prior three categories).
Structure 1, space group P2 1 /c, packs in a wavelike pattern consisting of alternating columns of 5,5 0 -(3,3 0 -bi[1,2,4-oxadiazole]-5,5 0 -diyl)bis(1H-tetrazol-1-olate) (dianion) with the N2-N3 bond of one dianion over the tetrazolate ring of the dianion in the neighboring column (Fig. 6a) . Hydrazinium ions occupy the gaps between neighboring coplanar dianions along the b-axis, above the plane of the molecules. One hydrazinium forms a hydrogen-bonded network linking the neighboring intrasheet dianions through the tetrazolate oxygen, tetrazolate N4 atom, and the NH 3 portion of hydrazinium. Additionally, hydrogen bonds form between the NH 2 portion of hydrazin- Table 1 Hydrogen-bond geometry (Å , ) for 1. 
Figure 6 ium, the tetrazolate oxygen atom, and the tetrazolate N3 atom of neighboring dianions. An additional hydrogen bond connects the NH 3 of one hydrazinium with the NH 2 portion of the symmetry-related hydrazinium ion (Fig. 6b, Table 1 ). Intermolecular -stacking is limited in this structure, with tetrazolate-oxadiazole centroid N1-N4/C5 -centroid C6/O7/N8/C9/N10 distances of 4.06 (2) and 4.01 (2) Å . The tetrazolate oxygen atom forms an anion-interaction with the oxadiazole ring of a neighboring dianion, with an O1-to-centroid C6/O7/N8/C9/N10 close contact of 2.98 (2) Å at an O1-centroid C6/O7/N8/C9/N10 -O7 angle of 92.3 (2) (Schottel, et al., 2008) . Structure 2, space group P2 1 /c, packs in a similar wavelike pattern as 1; however, the N2-N3 bond of one dianion does not interact with the ring of neighboring dianions (Fig. 7a) . Additionally, the opposing columns are staggered with respect to one another. The hydroxylammonium cations occupy the space formed where three dianion columns meet, above the dianion planes. The arrangement of the dianions in the peaks and troughs of the packing is dictated by the hydrogen bonds between the hydroxylammonium hydroxyl group and the tetrazolate oxygen atom, and those between the hydroxylammonium NH 3 group and O1, N2, and N4 of three symmetry-related dianions (Fig. 7b, Table 2 ). Unlike 1, there is a strong -[centroid C6/O7/N8/C9/N10 -centroid N1-N4/C5 distance 3.36 (2) Å , centroid N1-N4/C5 -centroid C6/O7/N8/C9/N10 -O7 angle, 80 (2) ] interaction between the tetrazolate and oxadiazole rings. Additionally, the tetrazolate oxygen atom does not participate in an anion-interaction with the oxadiazole ring due to the stronger -interaction. The oxadiazole rings of neighboring dianions are far apart, at a centroid C6/O7/N8/C9/N10 -centroid C6/O7/N8/C9/N10 distance of 4.26 (2) Å and a centroid C6/O7/N8/C9/N10 -centroid C6/O7/N8/C9/N10 -N10 angle of 50 (2) , suggesting minimal -interaction. Structure 3, space group P1, packs in a sheet-like pattern (Fig. 8a) , with the dianion stacked in a staggered arrangement, with the tetrazolate ring of one dianion over the central oxadiazole-oxadiazole C-C bond of the dianions above and Table 2 Hydrogen-bond geometry (Å , ) for 2. below. The oxadiazole ring resides over the tetrazolate-oxadiazole C-C bond in the dianions above and below. The void space between the dianion columns is occupied by dimethylammonium ions, located within the plane of the molecules in an up-down arrangement. Two dimethylammonium ions are positioned between the sheets, forming hydrogen bonds between the NH 2 group and the tetrazolate oxygen atoms of dianions in neighboring sheets (Fig. 8b , Table 3 ). The tetrazolate ring engages in a staggered -interaction with the oxadiazole rings of the neighboring dianion, at centroid C6/O7/N8/C9/N10 -centroid N1-N4/C5 distances of 3.51 (2) and 3.99 (2) Å (the latter distance to the inversion-related oxadiazole of the same dianion). Structure 4, space group P2 1 /c, packs in the sheet-like pattern consisting of extended sheets containing the dianion, cations, and incorporated water (Fig. 9a) . The 5-amino-1H-tetrazol-4-ium cations and water molecules surround each dianion, isolating the dianion from other dianions within the sheets. Between the sheets, the dianion only interacts with another dianion via one terminal tetrazolate ring, with the oxygen atom of the tetrazolate over the C-C bond between the tetrazolate and oxadiazole rings. Within each sheet, there is extensive hydrogen bonding between the dianions, 5-amino-1H-tetrazol-4-ium, and incorporated water molecules, isolating the dianions from one another in the sheet plane (Fig. 9b, Table 4 ). The N1-tetrazolate interacts with the symmetry-related N1-tetrazolate of a neighboring molecule through a -interaction, with a centroid N1-N4/C5 -centroid N1-N4/C5 distance of 3.69 (2) Å [N--centroid N1-N4/C5 -centroid N1-N4/C5 angle 62.0 (2) ]. The C11-oxadiazole engages in a -interaction with its symmetry equivalent as well, at a centroid C11/N12/O13/C14/N15 -centroid C11/N12/O13/C14/N15 distance of 3.93 (2) Å [centroid C11/N12/O13/C14/N15 -centroid C11/N12/O13/C14/N15 -O13 angle 57.6 (2) , second centroid and O13 of the same dianion]. A -interaction is also seen between the N30-tetrazolium ring and its symmetry equivalent, at a centroid C29/N30-N33 -centroid C29/N30-N33 distance of 3.69 (2) Å [centroid C29/N30-N33 -centroid C29/N30-N33 -N31 angle 57.3 (2) , second centroid and N31 of the same cation]. Additionally, there are two anion-interactions, the first between O21 and the N1-tetrazolate of a neighboring dianion, and the second between O21 and the C6-oxadiazole, with an O21-centroid N1-N4/C5 distance of 3.33 (2) Å [O21-centroid N1-N4/C5 -N2 angle 95.8 (2) ] and O21-centroid C6/O7/N8/C9/N10 3.02 (2) Å [O21-centroid C6/O7/N8/C9/N10 -C6 angle 76.3 (2) ]. Structure 5, space group P2 1 /n, packs in a mixing pattern, with columns containing stacked sheets consisting of the dianion coplanar with two aminoguanidinium cations (Fig. 10a) Table 4 Hydrogen-bond geometry (Å , ) for 4. 
Figure 9
(a) Sheet-like packing of 4 as seen down the b-axis, showing the extended sheets containing both the dianion and the associated coplanar cations and solvent water, and (b) view highlighting the extensive in-plane hydrogen-bonding network between 5-aminotetrazolium, the surrounding dianions, and incorporated water molecules (intermolecular contacts). [Symmetry codes: Table 5 Hydrogen-bond geometry (Å , ) for 5. 
hydrogen-bonding interaction between the amino group of the aminoguanidinium cation and the oxygen atom of the oxadiazole that directs the mixing-type packing seen in the crystal structure. The planar portion of the aminoguanidinium cation interacts via hydrogen bonds from the unsubstituted guanidinium amines to the tetrazolate oxygen atom, oxadiazole N8, and symmetry-related oxadiazole N10 atoms of one dianion, and to the tetrazolate N2 atom of a neighboring dianion (Fig. 10b , Table 5 ). Additionally, the substituted guanidinium amine and its amine group interact with neighboring dianions through the tetrazolate N3 atoms, causing the deviation from sheet-like packing. There is limited -interaction between the oxadiazole and tetrazolate rings of neighboring dianions, with a centroid C6/O7/N8/C9/N10 -centroid N1A-N4A/C5A distance of 3.59 (2) Å [centroid C6/O7/N8/C9/N10 -centroid N1A-N4A/C5A -N1A angle 65.4 (2) ]. As demonstrated above, it is the hydrogen-bonding networks that establish the crystal packing exhibited in each example, with -and anion-interactions occurring if packing allows. As shown in Table 6 , the densities of the crystals increase in the order 3 < 6 < 1 < 5 < 2. Unsurprisingly, the dimethylammonium, with minimal hydrogen bonding, non-interacting substituents, and a poor steric match for the dianion, is the least dense of the structures shown. Aminoguandinium, despite significant hydrogen bonding, exhibits a lower density as well, likely due to the directionality of the hydrogen-bond donors, which directs packing of the dianions into less efficient arrangements. Hydrazinium benefits from extensive hydrogen bonding, but the orientation of the hydrazinium directs the dianions into slightly less efficient packing than the hydroxylammonium cation, preventing the staggering of the columns that allows for improved space occupation. The 5-amino-1H-tetrazol-4-ium cation, with the second-highest density, packs very efficiently, in extended sheets with extensive hydrogen bonding, losing out to the hydroxylammonium cation likely only due to the included water molecules needed to fill in gaps between the dianions and cations. Hydroxylammonium exhibits the most efficient, highest-density packing due to the directing influence and strong hydrogen-bond donating ability of the hydroxyl group, which forms a short hydrogen bond and directs the columns into a staggered arrangement, fitting the dianions slightly closer together at the point where neighboring columns meet. The range of densities, from 1.544 to 1.873 g cm À1 , shows the significant effect that matching the hydrogen-bonding abilities and sterics of the counter-ion to the primary energetic ion has on efficient packing and, by extension, the expected performance of these ionic energetics.
Database survey
A search of the CSD (Version 5.38 with one update; Groom et al., 2016) yields no results for structures containing 5,5
0 -diyl)bis(1H-tetrazol-1-olate). A search using 5-[3-(1,2,4-oxadiazole)]-1H-tetrazolate also yields no results. Searching for the ring fragments separately yielded 443 structures for 1,2,4-oxadiazole and 127 structures for tetrazol-1-olate. The closest structures to those presented herein are dimers between similar ring fragments. A search for each of the cations yields the following results: 196 structures containing hydrazinium, 99 structures containing hydroxylammonium, 1,583 structures containing dimethylammonium, 2,230 structures containing ammonium, 17 structures containing 5-amino-1H-tetrazol-4-ium, and 130 structures containing aminoguanidinium. 
Synthesis and crystallization
The synthesis pathway is illustrated in Fig. 11 . The synthesis and crystallization of compound 2, and the precursors 3,3 0 -bis(1,2,4-oxadiazole)-5,5
0 -dichloroxime (6) and 5,5 0 -(3,3 0 -bis(1,2,4-oxadiazole)-5,5 0 -diyl)bis(1-hydroxytetrazole) (7), have been described previously (Pagoria et al., 2017) .
Compound 1: Dihydrate 8 (0.15 g, 0.44 mmol) was added to a 20 ml vial with water (1.5 ml) and a stir bar. Hydrazine hydrate (45 ml, 0.93 mmol) was added to the reaction mixture and heated until dissolved. Stirring was discontinued, the stir bar was removed, and the solution was allowed to cool slowly providing crystals of 1.
Compound 3: In a round-bottom flask, fitted with a drying tube, was suspended chloroxime 6 (967 mg, 3.3 mmol) in dimethylformamide (DMF) (10 ml, anhydrous), which was then cooled in an ice-water bath. Sodium azide (472 mg, 7.26 mmol) was added in portions with stirring, and the reaction was allowed to warm to room temperature. Additional DMF (10 ml) was added to the creamy mixture, and after 1.5 h, the solids went into solution. At this point, complete formation of the diazidoxime was assumed, and cyclization to 1 proceeded as follows. A 1:1 mixture of diethyl ether/dioxane was added to the reaction mixture (100 ml total volume, anhydrous), and the solution was cooled to 273 K with an ice bath. HBr or Cl 2 gas was bubbled into the reaction at which time the temperature increased to 298 K. Gas was added until the reaction temperature returned to approximately 278 K, and the vessel was then stoppered and allowed to stir for 22 h. The voluminous, white precipitate that formed (hygroscopic dimethylamonium bromide) was separated by vacuum filtration, and the filtrate was allowed to evaporate from a crystallizing dish. Upon evaporation, a white solid (3) in a yellow oil remained. The solid was separated from the oil by vacuum filtration (535 mg). 3 was crystallized by heating in minimal water and slow cooling.
Compound 4: Dihydrate 7 (0.15 g, 0.44 mmol) was added to a 20 ml vial with water (1.5 ml) and a stir bar. 5-Aminotetrazole (0.10 g, 1.2 mmol) was added to the mixture, which was then heated with stirring until dissolved. Stirring was discontinued, the stir bar was removed, and the solution was allowed to cool slowly providing crystals of 4.
Compound 5: Dihydrate 7 (0.15 g, 0.44 mmol) was added to a 20 ml vial with water (1.5 ml) and a stir bar. Aminoguanidinium H 2 CO 3 (0.24 g, 1.8 mmol) was added to the mixture, which was then heated with stirring until dissolved. During dissolution, gas evolved, the solution became clear, followed by the formation of a tan precipitate. Heating was continued until complete dissolution, followed the removal of the stir bar, and slow cooling to provide crystals of 5.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 7 . In 5, the tetrazolate ring (N1, N2, N3, N4, C5, O1) is disordered over two positons (A and B) due to a 180 rotation in the terminal tetrazole rings. The disorder has the relative ratio of 90.7 (5):9.3 (5). CCDC deposition numbers are as follows: 1, CCDC 1567779; 2, CCDC 1567780; 3, CCDC 1567783; 4, CCDC 1567784; 5, CCDC 1567804. Scheme depicting synthesis pathways for the included structures.
2À with five different cations Acta Cryst. (2018). E74, 505-513 research communications Table 7 Experimental details. 
Computing details
For all structures, data collection: APEX2 (Bruker, 2010 ); cell refinement: APEX2 (Bruker, 2010) ; data reduction: SAINT (Bruker, 2014) and XPREP (Bruker, 2014 ); program(s) used to solve structure: SHELXTL (Sheldrick, 2008); program(s) used to refine structure: SHELXL2016 (Sheldrick, 2015) ; molecular graphics: SHELXTL (Sheldrick, 2008) ; software used to prepare material for publication: SHELXTL (Sheldrick, 2008) . 
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > 2sigma(F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger. 
Bis(hydroxyammonium) 5,5′-(3,3′-bi[1,2,4-oxadiazole]-5,5′-diyl)bis(1H-tetrazol-1-olate) (2)
Crystal data 
Special details
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å

Dimethylammonium 5,5′-(3,3′-bi[1,2,4-oxadiazole]-5,5′-diyl)bis(1H-tetrazol-1-olate) (3)
Crystal data Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger. Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger. Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > 2sigma (F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger. 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å
